Introduction
Texas has more installed wind capacity than any other state in the United States, with nearly nine This paper attempts to measure the average marginal effects of wind generation on the balancing-energy market price in ERCOT with the help of econometric analysis. The econometric approach employed in this paper differs from other studies of the effects of wind on electricity markets because those studies, most of which focused on Europe, used production cost modeling. Rather than simulating market outcomes, this paper uses historical data from the ERCOT balancing market and attempts to quantify the average marginal effects of price on wind generation. The ERCOT market is comprised of four congestion zones ("zones") and five key constraints. The zonal balancing-energy prices are equal when there is no congestion between the zones and zonal balancingenergy prices differ in the presence of inter-zonal congestion. A map of the ERCOT system and congestion zones is presented in Figure A1 of Appendix A. ERCOT uses the balancing-energy market to manage inter-zonal congestion. However, ERCOT will convert to a nodal market in late 2010, after which congestion will be managed at the nodal, rather than zonal, level.
Balancing-Energy Market in ERCOT
The balancing-energy market represents a small portion of total transactions in ERCOT, usually less than 5% of the total energy sold in ERCOT. 2 The majority of electricity in ERCOT is sold through bilateral transactions. However, balancing-energy market prices are important because they affect real-time dispatch in ERCOT and influence ERCOT's bilateral market. According to ERCOT's independent market monitor, the balancing energy market serves the following functions: balance supply and demand in real time; manage inter-zonal congestion, and displace higher-cost energy with lower-cost energy given the energy offers of Qualified Scheduling Entities (QSEs). 3 All parties that participate in the balancing market, such as load serving entities and generators, must be represented by a QSE. QSEs submit their load forecasts and resource schedules to ERCOT, who aggregates the schedules for planning purposes.
ERCOT permits QSEs to submit unbalanced schedules, which means that QSEs can overstate (or understate) their load schedules with the expectation of selling (or purchasing) the difference in the balancing-energy market.
Balancing-energy market prices are determined by the QSE resource offers and ERCOT's scheduling and dispatch software, which develops zonal balancing energy prices. QSEs submit bids into the balancingenergy market that are essentially stepped supply curves that indicate the output level (in megawatt hours, "MWh") and price (in $/MWh) that the QSE is willing to supply the balancing-energy market. The balancing-energy market has two components -"Inc" or "up balancing" energy and "Dec" or "down balancing" energy. When a QSE submits an Inc bid for up balancing service, it agrees to increase its production up to the quantity indicated in its supply schedule if the balancing-energy market price is greater than or equal to its Inc bid. A QSE can also submit Dec bids, where it agrees to decrease its own level of generation and purchase its requirements from ERCOT instead when the balancing-energy price is less than or equal to its Dec offer.
In real-time, ERCOT uses the balancing-energy market to balance supply and demand. When real-time load differs from forecasted load or when scheduled resources differ from actual resources, which is possible given relaxed balanced schedules, ERCOT makes up the difference by purchasing "up balancing" or "down balancing" energy. If the scheduled energy resources are insufficient to satisfy realtime load, ERCOT will purchase up balancing-energy services from QSEs that submitted Inc bids that cleared the balancing-energy market. When load is below expected levels, ERCOT reduces the level of electricity generated by purchasing down balancing-energy services. In such cases, QSEs with Dec offers that ERCOT accepts will purchase energy from ERCOT at the balancing-energy market clearing price rather than generate electricity themselves.
According to Potomac Economics, ERCOT's independent market monitor, ERCOT's demand for balancing-energy is also affected by load patterns because ERCOT's demand for balancing-energy is positive in the morning when loads ramp up and negative when load ramps down in the evening.
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Generation in ERCOT
This is an artifact of ERCOT scheduling practices because QSEs mostly schedule generation in ERCOT on an hourly basis and bilateral contracts are frequently based on 6 AM -10 PM blocks. Load typically ramps up and down at a faster pace than the scheduled generation, so ERCOT uses the balancing-energy market to fill in the gaps. Finally, unexpected transmission outages and unplanned generator outages also affect ERCOT's demand for balancing energy.
Generation resources in ERCOT produced 305,432 gigawatt-hours (GWh) of energy in 2009. Electricity generation in ERCOT is dominated by natural gas and coal, with natural gas generally serving as the marginal fuel. Natural gas plants produce the most energy in the summer months (May -September), while coal plants produce the most energy during the rest of the year. Forty-two percent of the energy generated in ERCOT in 2009 came from natural gas and 37% from coal, as seen in Figure 2 . Wind facilities produced 6.2% of energy in ERCOT in 2009. 6 Wind generation constituted between 4% and 5% of total generation between May and September, and between 6% and 9% during the rest of the year. 4 Ibid., 23. The resource mix within ERCOT varies across zones and Figure 3 shows how generation capacity was distributed across the zones in 2009. The vast majority of wind capacity -90% -is located in the West zone.
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Figure 3 -2009 ERCOT Capacity by Zone
The North zone contains the most total generation capacity, while the West zone contains the least. 
Wind Generation in ERCOT
ERCOT has more than twice the wind capacity of any other organized wholesale electricity marketindependent system operator (ISO) or regional transmission organization (RTO) -in North America. Figure 5 shows the average hourly load, net load, and wind output in ERCOT in 2008. The average wind generation profile is almost the inverse of the average daily load pattern. While the wind patterns vary from year to year, wind output is lowest during the day and in the summer months, when load is highest. Load and Net-Load (MW) 
Balancing-Energy Market Prices
The three main functions of ERCOT's balancing market are to balance supply and demand, manage interzonal congestion, and displace high-cost energy with lower-cost energy when possible.
14 Table 2 Balancingenergy market-price drivers include natural gas prices, the time of day, and system conditions (e.g., line outages, generator de-ratings, etc In 2009, balancing-energy prices across zones were also closer to each other than they were in 2008 because inter-zonal congestion was less frequent. The hourly balancing-energy price percentiles by zone in 2009 are displayed in Figure A4 of Appendix A.
Negative Balancing-Energy Prices
Under normal circumstances, when ERCOT wants to take generation off the grid (i.e., purchase downbalancing-energy services), QSEs that submit Dec offers that clear the balancing-energy market ramp down their units and purchase energy from ERCOT (at a price below its marginal cost) instead. This price is almost always positive because generators avoid marginal fuel costs when they ramp their units down. However, this is not always true for wind generators. Wind generators receive a production tax credit for each MWh of electricity they generate, and they also sell renewable energy credits (RECs).
These revenues are in addition to the revenues they earn in the ERCOT balancing-energy market. these additional payments, wind generators have an incentive to produce energy even when the price is negative, i.e., they are willing to pay ERCOT for the right to produce electricity. 19 Wind generators can make a profit with negative balancing-energy prices provided that the value of the production tax credits and the RECs exceed the price (in $/MWh) that they pay ERCOT for the right to produce electricity. 
Wind Generation and Balancing-Energy Prices
This section examines the relationship between wind generation and the balancing-energy market price in ERCOT, frequently referred to as the merit order effect of wind energy. European studies of Denmark and Germany found that wind generation decreased the spot price for electricity. 22 Additionally, ERCOT's independent market monitor found that increased wind generation likely lowered the average price in the West zone. 23 We generally expect wind generation will decrease the balancing-energy prices. Wind generation has zero marginal cost so it is located near nuclear generation in the resource stack. An increase in wind generation in a given hour constitutes an increase in the supply of generation, represented by a rightward shift in the supply curve. The merit order effect is the price change resulting from such a supply curve shift. and Peak. The three demand curves intersect the supply curve at different points. The Night demand curve crosses the relatively flat and low-price portion of the supply curve, while the Peak demand curve crosses the supply curve at the steeper and higher-priced portion. The merit order effect in Figure 8 during the Peak period equals the difference between Price A and Price B. Since the slope of the supply curve is relatively flat during the night and steeper during the day, the merit order effect during the night should be lower than the merit order effect in hours with regular and peak load.
The EWEA commissioned a review of studies that estimated the merit order effect and estimates ranged indicates, in a rough way, the sign and strength of the relationship between two variables. Table 5 presents the pair-wise correlations between the zonal balancing-energy prices and generation by fuel type for the three study years. The correlation coefficient ranges between negative one and positive one, where the further the coefficient is from zero, the stronger the co-movement between the two variables. If the correlation coefficient is negative, the two variables tend to move in opposite directions (i.e., variable A is generally above its average when variable B is below its average). If the two variables tend to move in the same direction, the correlation coefficient will be positive. The correlations in Table 5 suggest, but by no means prove, that wind generation is negatively correlated with price. The negative sign means that on average when the level of wind generation is above its average level, the price is below its average level. The balancing-energy prices are correlated with all fuel types, but wind generation levels are negatively correlated with the balancing-energy price in each zone and year. Nuclear generation levels are also negatively correlated with price in some instances; however, nuclear units essentially operate at all hours regardless of the balancing-energy prices, except when they are brought offline for scheduled maintenance. Furthermore, the nuclear correlation coefficients are close to zero and many are statistically insignificant (signified with a † in Table 6 ), while the wind coefficients are all significant.
The wind correlation coefficients are the strongest (in this case, the most negative) in the West zone, which contains 90% of ERCOT's wind capacity. We expect that higher levels of generation from any fuel type with increasing marginal cost will increase the balancing-energy price because QSEs dispatch their cheap resources before their expensive ones. Hence, it is not surprising to see positive correlations between coal and natural gas and the balancing-energy price. Natural gas has the strongest positive correlation with price, which is consistent with the fact that natural gas is frequently the marginal fuel in ERCOT. The marginal cost of wind is zero, so wind and price are not expected to have a positive correlation coefficient. However, the negative correlation between wind generation and price is partly 
Modeling Electricity Prices
The pair-wise correlation coefficients in Table 5 present an incomplete picture of the relationship between wind generation and hourly prices for balancing energy. Other factors play a role, such as the time of day, weather, and system conditions. Furthermore, hourly electricity prices are characterized by seasonality, price spikes and mean reversion, all of which must be accounted for. 25 'Seasonality' means that the balancing-energy prices change in a predictable way with the seasons, weeks, or the time of day.
ERCOT's balancing-energy market prices are also subject to price spikes -the average hourly price can triple from one hour to the next. Typically, balancing-energy prices return to their previous levels after a price spike within a few hours (usually within one or two hours), which means that the balancing-energy price series exhibits mean reversion.
The goal of this section is to estimate an econometric model of the zonal price of balancing energy and estimate how wind generation affects it. The ordinary least-squares regression model is inappropriate for this task because it assumes that the errors in one time period are independent of the errors in previous periods. Autoregressive Moving Average (ARMA) models permit serial dependence in the errors and are often used to model electricity prices.
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Estimation Strategy
The ARMAX model is an ARMA model with exogenous variables. Appendix B provides a more detailed description of ARMA and ARMAX models.
We estimated an ARMAX model with the hourly zonal balancing-energy market price as the dependent variable and wind generation, weather, natural gas generation, and previous values of the balancingenergy price and error terms as the dependent variable. removed the pattern to separate the daily and weekly trend in the balancing-energy price series from the shocks. This weekly trend was removed by subtracting the median hourly weekly pattern from the hourly balancing-energy prices in each year and zone. 28 What remains is a transformed price series called the "adjusted price" for each zone that represents deviations from the average weekly price pattern.
We posit that the level of wind generation is an exogenous variable. Indeed, ERCOT can curtail wind, but the amount of wind produced at any given time depends on installed wind capacity, wind speeds, and transmission constraints, all of which are exogenous in the short run. Wind is essentially treated as an exogenous shock to the ERCOT system. We attempted to include transmission constraints in the model to help explain the balancing-energy price spikes, but the constraint variables were insignificant. 29 We also included the quantity of natural gas generation in some specifications because natural gas is frequently the marginal fuel in ERCOT. 30 Levels of natural gas generation are expected to have a positive influence on price because the greater the level of natural gas generation, the higher the market clearing price given that ERCOT is moving along the natural gas marginal-cost curve as it dispatches more natural gas generation. Finally, we include hourly temperature to capture the effect of load. Zonal temperatures were calculated broadly because we needed to create a single-temperature variable for each zone. The following city temperatures were used to represent each zone: North: Dallas; Houston:
Houston; West: Odessa; South: San Antonio. Table 6 contains eight of the ARMAX model specifications we estimated separately for each year and zone (i.e., 3 years x 4 zones = 12 estimations for each model specification, and 8 x 12 = 96 estimations were produced in total).
31 Table 5 Separate models were estimated for each year given the annual differences observed in . The "adjusted price" is the dependent variable in each ARMAX model. Wind generation varies significantly throughout the day and we allow wind generation to have a different effect 28 The first step in calculating the adjusted balancing energy price is to calculate the median price for each of the 168 hours of the week by zone and year. The second step is to subtract this median price from the original price series. The median is preferable to the mean because the median is less responsive to price spikes than the mean. 29 We used a sample of three months of daily constraint data from ERCOT's Daily Grid Operating Report, which contains information on system alerts and constraints, and tested whether the information in the reports "explained" the price spikes. We found that the coefficients of the grid operating report variables were statistically insignificant. 30 Ideally, we would use the daily natural gas price at the Houston ship channel, but we do not have access to this price series. 31 The results of other ARMAX estimations are excluded in the interest of brevity.
at night than it does during the day by including "night-wind" and "day-wind" variables. Night-wind is defined as wind that is generated before 8:00 am and after 7:00 pm. Day-wind is defined as wind that is dispatched after 8:00 am and before 7:00 pm. The number of Autoregressive (AR) and Moving Average (MA) terms in each model are included in the last two columns of Table 6 . See Appendix B for definitions of the AR and MA terms. adjusted price night-wind, day-wind, temperature, natural-gas, constant 1 1-3
Model 5 adjusted price night-wind, day-wind temperature, natural-gas, constant 1-2 1-5
Model 6 adjusted price wind-generation, temperature, natural-gas, 
Estimation Results
The estimation results of the ARMAX models in Table 6 are presented in Table 7 . 32 All of the results are statistically significant, the AR terms suggest stationarity, and the ARMAX errors are free of serial dependence. 33 The models were selected by examining the Akaike and Bayesian information criteria, a typical selection process. 34 Five of the 12 zone-year models produce inconclusive results because the ARMAX errors were not stationary. 
Table 7 -ARMAX Model Coefficients on Wind Generation
Focusing on the conclusive results, the ARMAX results show that wind does have a statistically significant impact on the balancing-energy market price in ERCOT. The coefficients on day-wind and night-wind represent how the zonal balancing-energy price changes when an additional MWh of wind is dispatched in a given hour. Consider, the 2007 day-wind coefficient for the Houston Zone, which is -0.0071. This coefficient estimate suggests that if wind generation in ERCOT is increased by 1 MWh between 7:00 pm and 8:00 am, the price in the Houston zone would decrease by $0.0071/MWh, or 0.71¢/MWh. Provided system conditions don't change drastically, a 10 MW increase in wind generation will decrease the price in the Houston zone by 7.1¢/MWh, on average. We caution the reader against extrapolating these results beyond a marginal increase in wind generation, as the model results would be invalid.
A consistent pattern exists between the day-wind and night-wind variables in each zone and year because the coefficients on wind generation during the day (day-wind) are "more negative" than the coefficients of wind generation at night (night-wind). Wind generation has a stronger (i.e., more negative) effect on the balancing-energy price during the day than it does at night. The night-day differential is consistent with EWEA's literature review of the merit order effect in Europe. 35 This result is largely because the slope of the marginal cost curve, which the QSE balancing-energy market offer curve should mimic, is steeper during the day than it is at night. However, the magnitudes of this study are much lower because the studies reviewed by EWEA estimated the entire merit order effect (i.e., the total price effect of all of the wind dispatched in a given hour), while this research only estimates a marginal effect of one additional MWh of wind. The majority of the studies that the EWEA report reviewed also were based on production cost simulations, not econometrics, so they estimated the full merit-order effect rather than the marginal effect.
As shown in Table 7 , wind generation has the greatest effect on balancing-energy prices in the West zone, where the majority of the wind capacity is located. The coefficients on night-wind and day-wind are also higher in 2008 compared to 2007, which is likely due to increased installed wind capacity. The estimates in Table 7 are incomplete because it is difficult to remove the daily and weekly pattern from balancingenergy prices and make them stationary without significantly transforming the price series. The ARMAX model isn't valid unless the dependent variable is stationary. It is possible to filter and/or transform the balancing-energy prices to make them stationary through methods such as the Fourier or wavelet transforms, but interpreting the wind coefficient becomes more difficult and the results may vary depending upon the transformation used.
Frequently, researchers overcome this problem by analyzing the price of a specific hour each day (e.g., the price in hour 10 for each day in 2007), as this series is often easier to make stationary. Given the missing ARMAX estimations in Table 7 , we also employed this hour-by-hour method, analyzing the price data separately for each hour in the day. This second group of estimates can also serve as a check of the reasonableness and magnitude of the estimates in Table 7 .
We developed a second set of hour-by-hour ARMAX models that examine the zonal balancing-energy prices in each hour separately (i.e., one estimation examines only hour 10, another only hour 11, etc).
The hour-by-hour strategy produces 288 separate estimates of the wind coefficient (24 hours x 4 zones x 3 years = 288 estimates). Multiple ARMAX specifications were estimated on the hour-by-hour balancing-energy price series and the most successful is presented here. The zonal balancing-energy price (unadjusted) was estimated to be a function of wind generation, natural gas generation, and three autoregressive terms (AR1, AR2, and AR3). The hour-by-hour ARMAX estimates for the North and South zones are presented in Table B1 of Appendix B and all of the estimates shown have errors free of serial dependence (i.e., white noise errors). The hour-by-hour coefficients have a similar magnitude to the ARMAX models on the full time series in Table 7 .
Very few of the hour-by-hour estimates on wind generation in the North and South zones are statistically significant, particularly in 2008. This does not mean that wind did not have an effect on price. Rather, it means that this particular specification, which only views each hour in isolation and ignores the effect of the price in nearby hours, does not estimate one. The hour-by-hour models also provide a check of the reasonableness of the full time series mode estimates in Table 7 . Table B2 in Appendix B contains the hour-by-hour estimates for the Houston and West zones. Wind generation generally has a statistically significant impact on balancing-energy prices in the West zone.
That effect also tends to be stronger during the day than at night. Additionally, the coefficients on wind generation tend to be higher in 2008 compared to 2007 and 2009, which is consistent with the estimates in Table 7 . Like the North and South zones, the marginal effect of wind is largely statistically insignificant in the hour-by-hour ARMAX models of the Houston zone balancing-energy price.
Conclusion
Our econometric analysis suggests that wind generation has a small but measurable impact on balancingenergy prices in ERCOT. We also found that the marginal effect of an additional MWh of wind generation is greater during the day because the slope of the supply curve is steeper during the day than it is at night. The results presented in this paper differ from estimates of the merit order effect in Europe because those studies used production cost simulation models to estimate the entire merit-order effect, while this study only estimates the marginal merit-order effect. However, these results contain interesting information about the relationship between wind generation and the balancing-energy market price in ERCOT, and how it varies across the time of day and ERCOT's four zones. 
Moving average model
The moving average model posits that the dependent variable is a function of lagged values of the error term, known as "MA" terms. With a simple moving average model MA, one term is defined as follows:
where is the first moving average or MA (1) term. Higher order MA terms are the coefficients on the higher order lags of .
Autoregressive model
The autoregressive model assumes that the dependent variable y t depends on previous, or "lagged," values of y t itself, and the effect is captured by "AR" terms. A first-order autoregressive model is as follows:
where is the first order autoregressive, or AR(1), term. Higher order AR terms are the coefficients on the higher order lags of y t .
ARMA and ARMAX models
The ARMA model incorporates both AR and MA terms. In the ARMA(p,q) model, the dependent variable y t is a function of p autoregressive terms and q moving average terms. 36 ARMA(p,q) models have the following general specification:
The ARMAX model is an ARMA model that includes exogenous variables. ARMA and ARMAX models that also apply differences to the dependent variable are referred to as Autoregressive Integrated Moving Average ("ARIMA") and ARIMAX models, respectively. After selecting the ARMAX specifications in this study, both the Bartlett and Portmanteau tests were performed on the errors to confirm that the ARMAX errors had the properties of white noise. Once an ARMAX specification with 36 William Greene, Econometric Analysis, 4 th ed. (Upper Saddle River, NJ: Prentice-Hall, Inc., 2000).
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"white noise" errors was found, we performed a Wald test to ensure that the AR coefficients were consistent with those of a stationary time series. The last step was to run sensitivities on the ARMAX specification and select a final model. The Akaike and Bayesian information criteria were used to select between competing ARMAX models that had white noise errors. 
